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N2^ potential energy curves 

I 

James R. Stallcop 
Ames Research Center, NASA 
Moffett Field, California 94035 

ABSTRACT 

A valence -bond method is used to determine a set of relations between 
the potential energies of those states of N 2 from which dissociation to gp*ound 
state N and ground state N*^ takes place The potential curves of the sextet 
and the quartet states are calculated at intermediate internuclear separation 
distances (2 A - 3.5 A) from these relations and the experimental curves of the 
doublet states. 
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If the interatomic potential energies for various values of the intern\iclear 
separation distance r are known, one can determine many collision processes 
when the translational energy is sufficiently low for the Bom~Oppenheimer 
(adiabatic) approximation to be valid. For example, one can calculate elastic 
scattering cross sections, charge exchange cross sections, or transport cross 
sections from the potentials. Since nitrogen is die major constituent of air, 
the N -N potential ener^ (N2 m j. c .*ular eigenstate energy) is especially 
important for understanding atmospheric phenomena The object of the 
present work is to obtain potential curves for the collision of ground state 
N atoms and ions at fairly large values of r . 

According to the Wigner*Witmer correlation rules, there are twelve 
different N2 states for which the molecule dissociates into ground state 
atoms. Accv;rate potential curves of four of these, the doublet states, 2 ^;^, 

computed from spectroscopic data for inter- 
nuclear separation distances r near the equilibrium separation.^ The 
potential curves for the remaining eight states with ground state dissociation 
products have been calculated^ for large r from the doublet curves and 
potential relations which were derived by Knot, B/fason, and Vanderslice^ 
by valence bond theory. The latter results are not satisfactory, however, 
because they are based upon doublet molecular state functions that do not 
transform properly under inversion through the midpoint of the intemuclear 
seimration.^^ ^ 

fii the following analysis, Ng*** potential energy relations are derived 
&om wave funcMons that conf^nrm to the molecular symmetry. 


At in the valence-bond method of Ref. 1, the ^ 2 *’ state functions are 
constructed from linear combinations of Slater determinants of the valence 
orbitals of the ground states of the nitrogen atom N(^S°) and ion 
From the twenty different determinants, one finds that general 2 state wave 
functions for Mg =* j which have the proper molecular symmetry properties 
can be written in the form: 
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♦s ■ I»a'b"’a'b®'aI> * <I"’a'b'a"’b®1bI <*®> 


+ rfJ^TAisV) 

*4 ’ <I*'A"b’''A^B^aI '’' I'^A'B’'’A’''B"aI) * (l’■A’'B'A’'B"Bl 

* I»a*b’'a’^b"bI> 

*5 “ <l*A’f]B'A'B^Al * I'A'B'AfB^Al) * (Ita"’B"A"B^> <*®) 

* I’^a’^b'-a’^b’^bI) 

*6 = I^a’b'a’^b"aI * I"a'b'a'b"b' 

The symbols on the right side of relation (3) have been defined in Ref. 1; 

e.g., 9 designates a 2p atomic orbital with the quantum numbers 

mg * - 1/2 and ni^ * 0 (mg * 1/2 and m^ » ±1), the subscripts A and B 

label the nuclei, and the vertical bare indicate that a Slater determinant is 

formed from the elements enclosed by them. 

One sees from relation (1) that the wave Unctions of the sextet states 

are completely specified at this point, but those of the quartet and doublet 

states have one and two coefficients, respectively, to be determined. Since 

the potentials are to be calculated for fairly large r, the wave functions 

will be required to reduce to ground state atomic functions as r tends 

to infinity as in Mulliken' s analysis® of the ®Sg state of % . Following 

his work, one can rewrite the eigenfunctions (2) as 
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«>2 - (1 ± Pab)As -J| *aVd)*b(®P)] («b) 

1 1 

’’S ■ * PAb)As [i'»A(*P)«’B(‘l») + Jf «a(®P>«’b<^S)] (4c) 

3 i 

«’4 - (1 ± PAB>As[]f 4 (^S)»bVp) + 7^ 46)«g(®P) (4d) 
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C>5 - (1 ± PAB)As[if 4 (^)4<®P) * Jl^A <®P)] 

3 t 

C.J = (1 * Pab)As[7J5-4 <ViVp) + J|4<^S)4'bVp) (41) 

*>/w*A^Vi(®p)] 

m. m. 

where ('I'q ) are spin and orbital angular momentum eigenfunctions of an 
N atom (N'*’ ion) with ^g~ ^ and nuclear center These atomic 

wavefunctions are expressed as linear combinations of second or third order 
determinants by Slater on page 308 of Ref. 7. The operator changes 
the subscript A into B or vice versa and Ag is a supplementary anti- 
symmetrization operator. From the relations (4), it can be seen that the 
ground state dissociation requirement is satisfied by ; the wavebmctions 
$3/2 and will be made to satisfy this requirement also by the condition 

b « c * e = 0 (6) 

The sextet states of Ref. 1 for Mg * S/2 are equivalent to those of 
relation (Ic). The quartet states of Ref. 1 correspond to the wavefunction (lb) 
when d/e **-i/Vs‘; i.e., they ccmtain a cmitribution from the e:^ited state of 


the N atom. 


, t - ^ 
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Similarly, one can oonatruot waveftmotiona for the n atatea that have the 
correct aymmetry propertiea and that diaaooiate into ground atate atomic wave 
functiona aa done for the S atatea above. The reault ca^i be expreaaed by the 
wavefunctiona that one obtaina by combining the relatione (1), <2), and (5) when 
the take the form; 

♦t = I‘'a®b"’a^b"aI * I"a®’b'a*’b'b' <*»> 


' <I"a“'b'a'b*aI I^a®b"a*’b"aI> * <I®a"b"a'^*bI 


!•= •= 




I^a’^b’^a’^b’^b') 


*8 “ <I<’a®B^A’'b’'a' I^a‘^b"a^b"’a*^ * ^I®’a®b”a’'b'b' 

* I^A”'B’r^»B"’Bl> 

*4 ■ (I<'a‘'b»a’'b’'a' ^ "'a’'b"a’^b’'aI> * <"'a<'b’a'b^5I <“> 
+ mXO’B’-A’^B’fBl) 

«6 = (l<'A‘'B’fX”’B’fAl + I’'a"b'A»b’'a'> * <l<^A‘'B"’^’fB’fBl <««> 

* I<'a®'b'a'b’'5I> 
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*6 = l«'A®'B’fA'B’fA‘ * l<'A®B'A’fB’^Bl <«^ 

Aa in Ref. 1, the Hamiltonian for the syatem under conaideration is taken to be 


H - - E 
i*l 


j Za ^ Zb 


ZaZb 


with ■ Zb - 8. Then using the wave functiona given above, one can calculate 
the potential ^ergies and express the result in the form: 
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^0 + fW2 +f W4 *|(Wi + W3 + 3Wg) 

p 1 , , S - 1/2 

^ + S ®2 * 8®4 * J8l<» +82+884) 


(8a) 


Wq -^2 -1^4 +|(Wl + jwa - |wg) 

1 - jSg - JS 4 ? jSi(l + JS 2 - JS 4 ) 

Wq - Wg 4- W4 ifc (Wi - W3 -t- Ws) 

1 - Sg 4- 84 ± Si(l - Sg 4- 84 ) 


S-3/2 


8-5/2 


(8b) 


(8c) 


where the quantities W| and Sj contain those terms in which i electrons 


are exchanged among the nuclei. 
For z states 


81 - 8^, S2 - 2 s 8 , 84 - S* 

Wq - ' 8 <Si + «2> 

Wi - 'Hl«'it'B’^A’'B‘'B> ' ®«®<r ' ^•‘s - 28^8^ 

+ 8fll8» 

W2 ” l®l*'B*'i*'A’''B‘'ii^ " 2I!,oS| + 2(fcj + ka) 

- 4(2Jj + J2)B, - 2(81 - 92)8| 

1' 

Wj - 2<»J ,+ »X *B •'A IH I 'B'A»A»B<^^ ‘ 2E-8X ■*• %®<r 

8(^8^ “ 84i8gS^ “ + 2Q2S88^ 

W4 • <»A'B'A'i<^Al®l'B'A"’B*A®A^ * ®«8;J + 2?t2 " 1^)81 



^6 "^’A*5B*A^®i4l®l*’B'A’^B*'A®'B^ " ®«8j^^ + 8(3888^ 



and for n atatea 


Sj-S,. 82 -s| +8*. 8^-828* 

'*^0 - E» - 3 gj - gj 

Wj “ <*'a®B*A"b'a **'"A®b"a"b’^^ ■ ®*®ir ‘ *^^1 + 

- (2«i - q2>8, + qj8, 

Wg ■ ^‘'a"b*a’'b*a'*’'''b"a'a*b*A'^+<‘'a‘'b*a''b’a'®''<'a*'b'b*a*a^ 

-E«<s|+ 9S)*ki + Skj - 2(^i+ae2)8, - 6<38„ - gi8,* - g28„* + 2qi8^(, 

Ws “ <«'A‘'B*A’^B’'aI Hi ffB<'A*A*B’fB^ ■*’^''A‘'B^A’'B’fA'Hl(rx''B'B’'A’f^ 

- E„(8,®+8,,*)8,+ (2k2-k8)8, - k4Sj, - 2^j8„2 . 

♦SflisA+qaBA* 

W4 - <«fA<'B»A»B»AlHl<rBtrA)rB»A»A^ - E„8,%(,2 + ^ _ 21^ 

- 

W5 ■<"A‘'B*A'B*AlHl<fB^A»B*A’fB^ - E*S,®8<,^ + kgE^,,* + SlyS^r^Sa 
where tibe overlap integrala are 

®o * ® 7 T ® 

the two eleotron int^prala are 

81 ■<*A°All/fl2l‘'A*A'^ qi ’ <»A''b'1/'12' Vb^ 


h * <*A»B'»/'l2i‘’B'A'^ <2 * <»A"A'l/fl2"'A»B> 

■ts • <»A'aI1/'12I’'B*B'^ ‘a " <’'A®a'*/'12'®B*A'^ 

•'4 ■ <*A‘'aI1/'i2'‘'b'b^ 

and la the aum of the energtea of the free atom and ion. 

For large valuea of r the contribution to the interaction energy from the 

coulomb integrala Wq and from the terma which involve more than two electron 

exchange integrala ia small compared to that from the one and two electron 

7 ft 

exchange integrala. * The value of S. ia alao amall for large r; e.g., from 

JL 

the analytic Hartree Fock atomic wave functiona of Clement!,^ one finda that 

# 

S| is amall compared to unity for r>2A. Hence, for large r, the potential 
energies (8) can be approximated by 




(10a) 


s • 1 

(10b) 

- -Wj.Wi . 

-I 

(10c) 


The valuea of and W 2 were first calculated from relation (10a) and 
the spectroscopic doublet state curves calculated by Gilmore,^ and then the 
potential curves of the sextet and doublet states were calculated from the 
r^ations (lOb) and (lOo). The results are shown in Fig. 1. The order of ihe 
quartet states is opposite that of Ref. 1; i e., the ^ Sg and lie above the ^2 
and states. Ibis is consistent with OHmore's predicthm that these latter two 

U ■ ■ 

are bound states, hi addItliHi, lithe ipartetpotential curves are extended to smaller r using 


fS'i- 


t 



- 10 - 

reUtloii (10) and the apeotroaooptc ourvea, one finda that the minimum of the 
potential would occur at r ~ 1.3 A and that of the ^Ilg state at r < l.S A which 
is in good agreement with Gilmore's estimated values. 

In regard to gas dynamic calculations, one can see that the sextet states will 
dominate the large angle elastic scattering because of their high spin multiplicity 
and their large repulsive potentials (see Fig. 1). Also, one can note that N**’-N 
charge exchange cross sections may be calculated directly from the doid>let 
spectroscopic curves and the relation (10), if the S state extrc^Mlation procedure 
of Ref. 1 is followed. 
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FIGURE TITLE 


Figure 1. Potential energy curvea for nJ N(^S^) + Nr*’(®P) 



